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Abstract--Dynamic stall delay of flow over airfoils rapidly pitching past the static stall angle has been 
studied by many scientists. However, the effect of compressibility onthis dynamic stall behavior has been 
less comprehensively studied. This review presents a detailed assessment of research performed on this 
subject, including a historical review of work performed on both aircraft and helicopters, and offers insight 
into the impact of compressibility on the complex aerodynamic phenomenon k own as dynamic stall. It 
also documents he major effect hat compressibility can have on dynamic stall events, and the complete 
change of physics of the stall process that can occur as free-stream Mach number is increased. Copyright 
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c, C~--airfoil chord 
Cd--drag coefficient 
C~--lift coefficient 
C~..--maximum value of lift coefficient 
Cm--pitching moment about 1/4 chord 
Cm°.--maximum pitching moment about 1/4 chord 
Cn--normal force coefficient 
Cp--pressure coefficient 
Cp_--maximum value of pressure coefficient 
Cp--pressure coefficient on upper surface 
C~--¢ritical pressure coefficient 
Cw--work per cycle coefficient, integral of C,,dct 
f--frequency ofoscillation, Hz 
k--reduced frequen,zy, - -
U~ 
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Mloc--local Mach number 
M, Mrel--relative Mach number 
M~--free stream Mach number 
PDI Point-Diffraction Interferometry 
U~, Ui.f, V--free stream velocity 
x~hordwise distance 
r--radial distance along rotor blade 
R--total spanwise l ngth of rotor blade (rotor 
radius) 
Re, RN--Reynolds number 
y~istance normal to chord of airfoil 
dCm/d~--rate of change of pitching moment with 
angle of attack 
~--angle of attack, degrees 
Ctmea~mean angle of attack, degrees 
~ss--angle of attack at stall in steady flow, degrees 
Cto--angle of attack, degrees 
ac angle of attack at onset of dynamic stall, 
degrees 
a+--nondimensional pitch rate, d~/dt c/U~ 
ACp--difference in pressure between lower and 
upper surfaces 
o.v--rotation rate 
f~--nondimensional pitch rate 
~b or ~bm--phase angle, degrees 
q--semispan ratio 
1. INTRODUCTION 
Through the years, the term 'dynamic stall' has been used to describe the delay of stall on 
wings and airfoils that are rapidly pitched beyond the static stall angle. The phenomenon 
has been observed on helicopter otor blades, as well as aircraft wings, and has been 
considered a 'problem', or a 'solution', depending on the circumstances under which it 
appears. For example, it has been a problem for helicopter designers, for whom the abrupt 
pitching moment variations have forced restrictions on the flight envelope. It has been 
a 'solution' for fighter aircraft designers who have attempted to use the dynamically induced 
lift for improvement and enhancement of aircraft maneuverability. 
There have been numerous tudies during the past 50 years, attempting to determine the 
response of various airfoil and wing configurations to rapid passage through the static stall 
angle. The subject has attracted a wide range of research efforts; the dynamic stall problem 
has affected fighter aircraft, helicopters, jet engines, and wind turbines, and has resulted in 
major research programs attempting to identify the mechanisms that combine to delay 
separation and stall on rapidly pitching aerodynamic surfaces. The publications on this 
topic are quite numerous--the r ader new to this topic is referred to the comprehensive 
reviews that have been published on this subject t l -  3) to obtain background information. 
Many of the efforts described in these reviews have been experimental studies where the 
various airfoil characteristics have been parametrically orempirically modified, with further 
modifications performed based on the results obtained. Others have documented dynamic 
loads without attempting to modify the behavior; still others have tried to quantify the 
physics that causes the dynamic stall process to change as the free-stream Mach number 
increases. The present review will focus on drawing from these studies to show what has 
been learned about the impact of compressibility on the complex aerodynamic process 
known as dynamic stall. 
In order to better appreciate the impact of compressibility on the dynamic stall process, it
is appropriate to consider the development of dynamic stall in incompressible flow. 
Figure 1 ~4) shows the progress of dynamic stall events as determined from low speed wind 
tunnel tests (Moo = 0.09). This figure illustrates the benefits and problems associated with 
dynamic stall. Note the significant increase of lift beyond the maximum attainable in steady 
flow; note also the very dramatic negative pitching moment that occurs as the dynamic stall 
vortex moves down the airfoil surface. The production of lift at angles much greater than the 
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Fig. 1. Dynamic: stall events on a NACA 0012 airfoil as determined at low free-stream Mach number. <4) 
angle of stall in steady flow, and the production of lift much greater than the maximum 
observed on airtoils operating at steady angle of attack, are characteristics of airfoils which 
are rapidly pitched through the static stall angle of attack. The increase in maximum lift, 
delay of stall, creation of the dynamic stall vortex, and major pitching moment variation are 
all typical of dynamic stall as observed on both helicopters and fixed wing aircraft. 
Extremely high values of negative Cp have been reached in dynamic stall experiments. For 
example, Cp values of -29 were found at Moo = 0.09 ~5) as shown in Fig. 2. These very high 
suction peaks have also been observed in recent water tunnel experiments ~6) where Cp~. near 
-20 have been documented. 
The effect of compressibility on airfoil performance appears in two primary ways: first, 
when the free-stream Mach number approaches unity, airfoils operating at low angles of 
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Fig. 2. Instantaneous pressure distributions throughout a cycle of dynamic stall of low free-stream Mach 
number35~ 
attack experience supersonic flow over portions of the airfoil surface. As the supersonic flow 
region increases in strength, shocks develop, and as the shock-induced drag increases, the 
drag of the airfoil grows dramatically. Thus, there is a 'drag divergence' Mach number 
associated with all airfoils; study of this drag divergence has been the primary thrust of 
research into compressibility effects on airfoil designed for fixed-wing aircraft. However, 
there is a second way that compressibility can play a role in airfoil performance: when the 
angle of attack of an airfoil increases, the acceleration of the flow that occurs around the 
leading edge can result in flow velocities four to five times greater than the free stream value. 
Thus, high lift at Mo~ = 0.2 can induce sonic velocity flow on an airfoil pitched to high 
angles of attack. In fact, in a study of dynamic stall on a wide range of helicopter-type 
airfoils 17) it was determined that the velocity near the surface of the airfoils reached or 
exceeded sonic velocity whenever Moo reached or exceeded 0.20. As can be seen in Fig. 3, 
supersonic flow was observed on the NACA 0012 airfoil, as well as on other airfoils typical 
of helicopter application. This local supersonic event occurred for a wide range of oscilla- 
tion amplitude and frequency, and can have a dramatic effect on the physics of the dynamic 
stall process. 
Dynamic stall occurs on the 'retreating' side of the helicopter rotor (the side where the 
rotating helicopter blade is traveling away from the direction of flight). The retreating blade 
must produce sufficient lift to balance the lift produced by the advancing blade in order to 
maintain level flight. However, the maximum dynamic pressure on the retreating blade can 
be dramatically ess than that found on the advancing blade. Therefore, the lift coefficient 
for the retreating blade must increase in order to maintain the required lift. This imbalance 
in dynamic pressure increases rapidly as the speed of the helicopter increases, ultimately 
requiring dynamic excursions of angle of attack of the rotating blade beyond the angle of 
attack at which the blade would stall in steady flow, thus leading to dynamic stall 
conditions. 
The relative 'free-stream' Mach number on the retreating blade is moderately 
low (Mre~ = 0.3--0.4) ; therefore, dynamic stall has often been studied as a low speed 
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phenomenon (e.g. water tunnel tests). However, as noted above, the local velocity on the 
surface of an airfoil experiencing high lift conditions can exceed the speed of sound when 
Moo is greater tlaan 0.2, and this can frequently occur on the helicopter otor in forward 
flight. For example, a recent flight test investigation of a helicopter (a) offers a dramatic 
example of the presence of supersonic flow on airfoils. Figure 4, based on the results of this 
study, shows the,, instantaneous pressure measured at x/c = 0.03 at the spanwise location of 
r/R = 0.865, during flight test of a UH-60 helicopter. In this figure, the Cp at which sonic 
velocity is reached at each azimuth position is noted by the dotted line, showing that during 
high-speed operation, supersonic flow exists on the rotor blade (r/R = 0.865, x/c = 0.03) for 
most of the rotational cycle that the rotor blade experiences. The character of the pressure 
(noted in this figure as M~ocCp° to represent the actual force produced by the pressure) 
illustrates the strongly compressible flow environment that occurs on the airfoil due to the 
high-free-strearn-Mach-number-induced s p rsonic region that appears on the airfoil on 
the advancing s:ide of the rotor disk (0 - 180 ° azimuth), as can be seen by comparing the 
experimental results with the dotted line in Fig. 4(a), which corresponds to M~o¢ Cp. at sonic 
528 L. W. Carr and M. S. Chandrasekhara 
conditions. The high-angle-of-attack-induced local supersonic flow region that appears 
near the nose of the airfoil results in M~2o¢Cp~ values that continue to exceed those of sonic 
conditions as the rotor blade moves into the retreating side of the disk (180 -270  ° azimuth). 
This local supersonic region extends down the airfoil, as can be seen in Fig. 4(b), for 
x/c = 0.08, which shows that supersonic flow is observed on the surface of the rotor blade 
as far back as 8% chord for the azimuth range 0-250 °. 
The appearance ofcompressibility effects at low free-stream speeds is partly a product of 
the dynamic-stall-delay process itself. The occurrence of very high velocities on the airfoil is 
partly due to the continuation of attached flow to the high angles of attack that are reached 
before separation occurs, angles which are often significantly greater than the static stall 
angle; this delay of separation is due to the dynamic flow conditions on the airfoil. At the 
same time, the dynamic-stall-delay process is strongly affected by the presence (or absence) 
of shocks, and the accompanying shock-induced separation effects. The complexity of this 
problem becomes apparent when it is recognized that the physics involved in dynamic stall 
onset has not yet been fully identified even in incompressible flow. In fact, studies are 
presently in progress in laminar, incompressible flow, attempting to identify the critical 
physics that determines when an attached flow breaks down, and dynamic stall begins. Even 
so, the information that has already been obtained offers some insight into the effect of 
compressibility on dynamic stall, as will be shown in the following discussion. The following 
sections will review the research that has been performed on this complex and intriguing 
topic, showing where progress has been made, and where research is still needed. 
2. EARLY RESEARCH ON DYNAMIC DELAY OF STALL 
Research on dynamic overshoot of static stall for both fixed-wing aircraft and helicopters 
has a long and interesting history. The earliest studies focused primarily on fixed-wing 
aircraft, and emphasized the influence of pitch-rate on maximum lift of the aircraft. 
Helicopter-related research on dynamic stall occurred later, and was again associated with 
documentation f maximum lift and pitching moment behavior. In order to best present 
this complex set of research, the efforts have been separated into work done before 1980, 
where primary interest was focused on establishing data banks of aerodynamic force and 
moment coefficients for various airfoils, and research performed after 1980, where emphasis 
was focused on identification of the fluid physics that caused the flow behavior observed in 
the experiments. 
2.1. EARLY FIXED-WING STUDIES 
Flight test of fighter aircraft in the early 1940s revealed large adverse compressibility 
effects on the maximum lift coefficient that was attainable during maneuvers. This effect was 
reflected in a limit on the maximum suction pressure that could be established at the leading 
edge of the aircraft wing. A review of flight test results available at that time (9) showed that 
the maximum Cp that could be attained on aircraft during rapid pitch-up maneuvers was 
very dependent on free-stream Mach number. As can be seen in Fig. 5, flight test results for 
a variety of aircraft showed local supersonic flow to occur at progressively ower Cp as 
free-stream Mach number was increased, and showed that there was an experimental limit 
on these pressures which closely followed the sonic curve as free stream Mach number 
increased. 
These tests offered the first indication that unsteadiness could affect maximum lift of 
airplane wings when pilots of these high-speed fighter aircraft found that rapid maneuvering 
near the static stall angle of the aircraft could result in lift values greater than the static 
maximum. This led to a series of flight tests which quantified this stall delay, and showed 
that it could indeed be a factor in maximum aircraft performance, ascan be seen in Fig. 6. 
A wind tunnel model was used to show that there was a strong effect of pitch rate on 
C~olo, 11). However, this test also found that the dynamically induced increase was strongly 
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attenuated as the free stream Mach number increased. The effect of  pitch rate on the 
product ion of lift beyond static C~.., was also documented using an operational fighter 
aircraft in a flight test (12) (see Fig. 7). This study showed that there was a large dynamic 
increment (25%) in C~ across all the Mach numbers studied, with no attenuation in this 
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Fig. 7. Maximum attainable lift coefficient asa function of nondimensional pitch rate at various Mach 
numbers.(12) 
increment as Mach number or pitch-rate increased. However, the effect of Mach number on 
static C]., was observed at all Moo greater than 0.18, with the maximum static C,,, obtain- 
able decreasing as Mach number increased, so that the actual dynamic C,... that could be 
reached uring dynamic pitch-up maneuver decreased from 1.60, at Moo = 0.18, to 1.19 at 
Moo = 0.49, for a nondimensional pitch rate of 0.45. It was noted that there did not seem to 
be a limit on the maximum attainable dynamic C] increase other than a limit on the pitch 
rate to 'the maximum which the pilot cared to experience'. However, it was also observed 
that this was not the case for two other airplanes tested in the same manner, an early 
example of the sensitivity of dynamic stall delay to details of airfoil shape. 
Additional research was performed in an effort to map the behavior of airfoils experienc- 
ing rapid pitch-up maneuvers. A wind tunnel study was performed on a range of airfoils (13), 
where the effect of pitch rate was explored for free-stream Mach numbers as high as 0.75 (see 
Fig. 8). This study determined that the dynamic increase in C~m," was essentially linear with 
pitch rate, even for the highest free-stream Mach number studied. 
Strong variation of the maximum attainable lift coefficient for these aircraft was found as 
Mach number and Reynolds number were varied; however, little was said of the possible 
mechanisms that might cause the delay of stall that was observed, and nothing was said 
about why Mach number caused such dramatic drops in attainable C~_. Essentially, these 
were engineering documentation efforts; after these efforts were completed, little was done 
in the study of dynamic increase in C~,, on fixed-wing aircraft until research efforts were 
again focused on aircraft maneuverability n the 1980s. At that time, research into dynamic 
stall delay on aircraft was directed toward developing a better understanding of the physics 
of the dynamic stall process itself; detailed analysis of this research will be presented in 
Sections 2.4 and 2.5. 
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2.2. EARLY HELICOPTER-RELATED STUDIES 
The traditionaJ image of compressible flow on helicopter rotors has concerned flow over 
the 'advancing' blade--the blade moving in the direction of flight of the helicopter. This 
region of the rotor disk has received major emphasis in research efforts attempting to 
analyze the complex supersonic flow that occurs on the blade. However, dynamic stall 
occurs on the 'retreating' blade, a region of the rotor disk where the free-stream Mach 
number is relatively low. Therefore, in the helicopter community, dynamic stall was initially 
considered a low-speed phenomenon. Indeed, important insight into the dynamic stall 
process has been obtained through low-speed wind tunnel tests. However, as shown above, 
high lift conditions induce very high local velocities, and can result in local conditions that 
exceed sonic velocity. 
There are a rramber of helicopter-related dynamic stall experiments hat have included 
test points at more than one Mach number; however, in most of these tests, the range of 
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Mach numbers has been limited, and Mach number was seldom used as an independent 
parameter. Results from an early example of a dynamic stall experiment by Grey et al. ~x4) 
which included Mach number variation are shown in Fig. 9, which presents results of 
oscillatory tests for an airfoil oscillating around the quarter-chord at free-stream Mach 
numbers of 0.2 and 0.4. In Fig. 9(a), curves of instantaneous lift and pitching moment are 
presented for a representative stall condition at M~ = 0.2. The corresponding results for 
Moo = 0.4 for nominally the same angle history and reduced frequency are also presented in
Fig. 9(a), and at first glance, the results look very similar. However, careful study of the 
pitching moment curves shows that the pitching moment diverges from the attached-flow 
value at a considerably ower angle of attack for the M~ = 0.4 case than for the Moo -- 0.2 
condition. Also, the area contained in the pitching moment loop is different for Moo = 0.4 
than for M~o = 0.2. Since the area inside the pitching-moment loop is directly related to 
pitch damping, it can be seen that the damping factor, a critical parameter in helicopter 
dynamics, has been changed ue to Mach number variation. Gray and his colleagues then 
attempted to more closely match the pitching-moment damping behavior by reducing the 
mean angle of oscillation, and presented the results hown in Fig. 9(b) as an example of such 
a modification; this figure shows a pitching moment loop which more closely represents he 
pitching moment history obtained uring the dynamic stall event at lower Math number, 
even though the lift curves are significantly different. Thus, Gray et al. show how much the 
test conditions must change before pitching-moment damping behavior at high Math 
number can be reproduced by low Mach number behavior. Since pitching-moment-induced 
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damping is a critical parameter in helicopter otor blade stability, this emphasizes the 
importance of te, sting for airfoil dynamic stall behavior at the appropriate Mach number. 
Fukushima nd Dadone c15) performed both dynamic-pitching and dynamic-plunging 
airfoil tests, and noted that the helicopter rotor blade experiences larger excursions in angle 
of attack due to vertical translation than due to pitching. The tests were performed using 
differential pressure transducers, and measurements were obtained at Moo = 0.2, 0.4 and 
0.6 at a fixed physical frequency, in an effort to map the behavior of flow at different radial 
stations on a rotor blade. They particularly noted the evidence of compressibility effects 
during high-angle-of-attack tests at M~ = 0.6, where they found the airfoil showing local 
regions of super,;onic flow over most of the lift range for the airfoil. They noted that the rise 
of velocity associated with the suction peak near the leading edge becomes limited by the 
formation of shock waves, and found that when the lift of the airfoil was limited by 
shock-induced separation, unsteady effects no longer caused any delay in stall. 
Dadone ~16) explored the effect of Mach number on dynamic pressure distribution on 
oscillating airfoils, and found that the stall changed from adverse-pressure-gradient-induced 
to shock-induced asthe free-stream Mach number increased for an airfoil oscillating about 
a mean angle of 7.5 °. This change in separation behavior can be seen in Fig. 10. Figure 10(a) 
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an airfoil undergoing oscillatory motion at Moo = 0.30. No separation occurs for this 
dynamic ase of ~ = 7.5 ° + 5.15 ° sin~t, k = 0.116. Figure 10(b), at Moo = 0.5, shows that 
the loss of suction typical of dynamic stall onset appears at the leading edge first, and then 
progressively spreads further down the airfoil. This is in clear contrast with Fig. 10(c), at 
Moo = 0.7, where flow at the leading edge is always attached, while loss of suction (seen as 
an abrupt increase in pressure) appears first at locations as far back as 0.25% chord and 
progresses toward the leading edge as angle of attack increases. Dadone attributed this 
behavior to supersonic flow followed by a shock. It is also of interest o note that the 
maximum ACp reached at this x/c location in the Moo = 0.50 case is - 5.4, while the 
maximum value at Moo = 0.70 is approximately - 3.0, reflecting the impact of compress- 
ibility on the maximum attainable ACp, an effect already observed in the fixed-wing 
research discussed earlier. (Note that the lower surface pressure coefficient is essentially 
insensitive to Mach number change.) 
Dadonetl 7) also studied various airfoils in dynamic stall motion, and found that airfoils 
designed for good performance in transonic flow performed well in unsteady flow as well. In 
fact, Dadone suggested that the dynamic increase in CI°, that occurs can make up for some 
of the loss in C~°.. that is caused by increase in free-stream Mach number, although e noted 
that this improvement occurred for free-stream Mach number above 0.5, making it of little 
value for the helicopter (although it may be of use for fighter aircraft applications). It was 
found that airfoils with low static Cl~,~ do not gain enough additional ifting capability 
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through unsteady effects to overcome a poor static stall performance. In this paper, Dadone 
also explored leading-edge boundary-layer control, but found that no increase in C~_. was 
observed at Moo = 0.4; however, it is of interest hat boundary layer control dramatically 
improved the damping characteristics ofthe airfoil, changing the response from strong negative 
damping, to complete positive damping through the angle of attack range of interest. 
The effect of Mach number on dynamic stall has even been studied for airfoils moving 
backward. At first this may seem irrelevant, but note that a major part of the helicopter 
rotor blade experiences flow from the rear during passage through the 'retreating blade' 
portion of the rotor disk. Child (is) quantified the response of a helicopter airfoil to this 
dynamic environment, and found that Mach number increase reduced the maximum lift 
attainable at a given oscillation frequency for airfoils oscillating in flow approaching the 
airfoil from the front, but airfoils oscillating in flow approaching from the rear were 
essentially insensitive to change in the Mach number (see Fig. 11). This result is intuitively 
correct, since flow over the extremely sharp 'leading edge' of the airfoil in reverse flow 
should separate iLmmediately; still, it is indeed interesting to see that such a result is found 
experimentally. 
2.3. LIGHT-DYNAMIC-STALL AND STALL-FLUTTER RESEARCH 
Although the motions associated with airplane stall-flutter do not exhibit the large- 
amplitude oscillations normally associated with dynamic stall, compressibility effects can 
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Fig. 11. Effect of reduced frequency on normal force for V23010-1.58 airfoil oscillating inforward and reversed 
f iow. (18) 
occur during stall flutter which offer insight into the impact of increasing Mach number on 
the behavior of dynamically pitching airfoils. All dynamic excursions beyond the static stall 
angle have the potential to cause a shift of the center of pressure, which then results in 
a pitching-moment excursion. These are dynamic effects, and the delay of separation that 
occurs even in compressible flow is directly relevant to the issue of compressibility effects on 
dynamic stall. It should be noted that stall-flutter issignificantly different from conventional 
flutter (a low-angle-of-attack condition where structural/aerodynamic interaction can cause 
unstable low-amplitude, high-frequency oscillation without he presence of separation on 
the airfoil). Stall-flutter is clearly a condition where dynamic delay of separation can occur. 
There has been a wide range of research efforts in the area of stall-flutter, for incompress- 
ible as well as transonic flow regimes. Experiments documenting the characteristics of
airfoils experiencing stall flutter were the first oscillating airfoil tests to be performed. Most 
of these studies have been for the small amplitudes that occur for rigid airplane wings which 
are aeroelastically twisted in pitch about the root; therefore, most of the data are for 
oscillation amplitudes of 0.5-2.0 ° .However, these studies how the first examples of the role 
that boundary layer behavior plays in the development of dynamic airfoil behavior. For 
example, emphasis in early flutter studies at compressible flow speeds was placed on 
determination of the damping component of the pitching moment coefficient (19) 
(dC~/da sin~b), which can grow dramatically unstable as the mean angle of oscillation 
approaches the static stall angle; Fig. 12 shows the results for a 65A010 airfoil oscillating in 
pitch about the mid-chord for Moo = 0.35. As noted in Ref. (19), the existence of regions of 
unstable damping implies the possibility of stall flutter. Note that these unsteady effects do 
not become strong until relatively high reduced frequencies are reached, corresponding to
the aeroelastic nteraction between aerodynamic forces and the rigid-wing structure. Rainey 
notes also that the magnitude of dCm/d0t remains mall until the mean angle of attack 
approaches the angle at which boundary layer disturbances are first detected. Correspond- 
ing tests performed at M = 0.70 (not shown) showed that an increase in free-stream Mach 
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Fig. 12. Variation o1! damping-moment coefficient with reduced frequency for two-dimensional 65A010 airfoil 
oscillating in pitch about the midchord at Moo = 0.35. (19) 
number esulted in a decrease in the angle at which negative damping occurred, which was 
directly related to a decrease in the static stall angle of the airfoil as free-stream Mach 
number increased. 
As an example of the upper limit on subsonic dynamic behavior of wings and airfoils, 
instantaneous pressures were measured on a half-model of a rectangular wing, ~2°> and mean 
and oscillatory pressures for conditions of incipient and fully developed separation were 
determined. These tests were performed for Moo = 0.6, 0.7 and 0.8, and are typical of studies 
performed for flutter of aircraft wings. The tests included flow conditions which resulted in 
buffet due to separation on the airfoil, as determined by measurement of wing-root strain. 
Note that the oscillation amplitude of 1 ° precludes significant vorticity accumulation; this is 
in contrast o the well-documented vorticity accumulation that occurs on airfoils during 
high-amplitude oscillation, and leads to the dynamic stall vortex. Mabey et al. (2°) note that 
in order for a turbulent boundary layer to withstand the impact of a shock without 
separating, the raaximum local Mach number must be less than 1.25; above this value, 
shock-induced separation usually occurs. Figure 13 presents a classification by Mabey et al. 
based on an approach proposed by Tijdeman321) These results, obtained on a three- 
dimensional wing, show the rapid decrease in the angle at which strong shock effects play an 
important role in the flow separation. It is important o note that the low-amplitude 
dynamic oscillations used in this test did not induce any dramatic hange in the flow 
physics, as can be seen by the similarity of the behavior of both stationary and dynamic test 
points. 
Some comments on turbomachinery rotating stall and the possibility of dynamic stall 
occurring during: the rapid blade incidence changes that occur during rotating stall also 
appear in order here. It should first be noted that a compressor flow is inherently unsteady, 
characterized by three different scales of unsteadiness: the boundary layer or turbulence 
scale, the blade or blade-passage scale and the system length scale. Under certain operating 
conditions, small amplitude disturbances (turbulence) as well as system-scale disturbances 
appear, leading to rotating stall, which has roughly the length scale of the blade. This is 
typically a global instability and is not confined to individual blade rows; the compressor as 
a whole becomes unstable. In a recently concluded workshop t22) attempting to identify the 
research needs of turbomachinery flows, the key issues included the need to study loads due 
to high-incidence, off-design-condition, separated flow on airfoils <23) as well as 3D unsteady 
aerodynamics. The state of the art on rotating stall appears to be such that much needs to be 
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Fig. 13. Classification of airfoil flows during stall flutter. (z°) 
done before a detailed understanding of the important fluid physical issues can be obtained. 
The compressor flow is quite complex and rotating stall is further complicated by the 
different unsteady scales that are present simultaneously in the flow. It is not clear whether 
the dynamic loads due to flow separation which leads to rotating stall, or those due to the 
dynamic stall that may occur thereafter, are more detrimental tothe system. Presently, the 
system operational limits are set to avoid this regime completely. However, as expansion of 
the operational envelope is attempted, the effects of dynamic stall may need to be con- 
sidered. It is hoped that the material presented in this review of isolated blade dynamic stall 
and related compressibility effects will be of relevance to the study of dynamic stall effects in 
the more complex turbomachinery environment. 
A recent study of the effect of Mach number on the stall flutter behavior of a swept wing 
has been performed by Lorber and Carta. (z4) They found that only small differences in 
damping coefficient were measured for Mach numbers ranging from 0.2 to 0.6, although the 
physics of the stall process was dramatically altered by the variation in Mach number. They 
also found that at low Mach number, the delay of stall to beyond the static-stall angle for 
low-amplitude oscillation was similar to that observed for high-amplitude conditions. It is 
particularly interesting that while the flow separation at low Math number (M~ = 0.2) is 
due to boundary layer separation induced by the adverse pressure gradient, and the 
separation at high Mach number (M~ = 0.6) is due to shock-induced separation, the net 
damping coefficients are not significantly different, as shown in Fig. 14. This suggests 
that aerodynamic damping during low-amplitude oscillation is relatively insensitive to 
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Fig. 14. Effect of Mach number on the instantaneous pitching moment for an airfoil oscillating inpitch. (2+) 
free-stream Mac]a number changes, even though the physics of the stall process is dramati- 
cally different. 
An early example of the engineering approach to representing the dynamic effects of stall 
flutter has been ,developed by Ericsson and Redding. (20) More recently, modeling of stall 
flutter has been addressed by computational efforts using the Navier-Stokes equations. For 
instance, Wu eta/. (26) studied the response of a NACA 0006 airfoil to an unsteady flow as 
a solid body/fluid interaction. Ekaterinaris and Platzer (2T) also applied the Navier-Stokes 
equations to stal!L flutter, although at a lower free stream Mach number (note that the local 
velocity at the nose of the airfoil is supersonic even at low free-stream Mach number). They 
noted that transition modeling must be included in the computation before reasonable 
comparison between calculation and experiment can be accomplished. The effect of 
transition, and laminar separation bubbles, on the character of the stall flutter of airfoils has 
recently been inw,~stigated in the experimental study of Chandrasekhara and Van Dyken. (28) 
In this study, the presence of the laminar separation bubble was found to cause total flow 
separation, even for relatively small oscillation amplitudes. The tests showed the formation 
of a separation bubble that changed size with increasing angle of attack for 
= 10 ° + 2°sincz,t, Moo = 0.3, and k = 0.05. The airfoil static stall angle was 12.4 ° for this 
Mach number; however, the vorticity accumulated in the separation bubble due to the 
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oscillatory motion was shed during the airfoil downstroke at angles below the static stall 
angle, since the rate of its diffusion through the boundary layer was slower than the 
convection rates associated with the unsteady motion, and also since the flow had to adjust 
to the decreasing angle of attack. As a consequence, light dynamic stall ensued for a brief 
portion of the oscillation cycle, even though the static-stall angle had not been exceeded. 
Successful modeling of both steady and unsteady flows at the Reynolds number of this 
experiment will require the use of transition models which allow movement of the 
transition-point location, and reduction i  transition length with increasing angle of attack, 
as indicated by Van Dyken eta/ .  (29) 
An exception to the rule that flutter is restricted to small oscillation amplitude at high 
reduced frequency is seen in the case of helicopter rotor blades undergoing dynamic stall, as 
noted by Ham. (3°) In this instance, aeroelastic twist can produce very large oscillation 
amplitudes (of the order of 10-15°), and multiple xcursions of a rotor blade into dynamic 
stall during a single blade rotation have been experienced in flight. This form of stall flutter 
is really a limit-cycle oscillation, and should be considered as a multiple-dynamic-stall 
event. This type of dynamic-stall event can create critical dynamic loads, as have been 
documented during recent helicopter-maneuver exercises (31) (Fig. 15). 
Fully developed ynamic stall, where the resultant dynamic-stall vortex is convected 
down the surface of the airfoil, results in unacceptable loads on helicopter rotor blades, thus 
precluding any helicopter flight which could possibly induce deep dynamic stall to occur. 
On the other hand, the static-stall angle can be exceeded in dynamic onditions without 
development of the catastrophic dynamic-stall vortex. These are conditions which can be 
experienced by helicopters without severe penalty. The light-dynamic-stall condition, de- 
fined by McCroskey et al. (7) as a condition where the static-stall angle is exceeded, but the 
dynamic pitching moment does not exceed the maximum value occurring at static stall, 
serves as a good example. There already have been instances where light-dynamic-stall 
conditions have been chosen as acceptable flight boundaries (e.g. the British Experimental 
Rotor Program [BERP] rotor design). (32) The BERP rotor used finite pitching-moment 
excursion as a flight limit during the record-breaking high speed flight that introduced the 
BERP rotor to the helicopter community. Thus, engineers are already exploring the world 
of light-dynamic-stall flow, where the dynamic effects that induce deep dynamic stall are 







E -0 '02  o 
-0.04 
= -0 '06  
.2 -0 '08  

















Blade Azimuth, deg 
Fig. 15. Dynamic stall-induced pitching-moment variation on a helicopter-rotor-blade for flight during high- 
speed pull-up maneuver. (31) 
2.4. 
Compressibility effects on dynamic stall 
EXPERIMENTAL RESEARCH ON THE FLUID DYNAMICS OF 
COMPRESSIBLE DYNAMIC STALL 
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As noted above, early dynamic-stall research efforts were aimed at mapping the resultant 
aerodynamic loads, and exploring the character of dynamic-stall loads at various test 
conditions. However, as more was learned about this complex phenomenon, research 
interest became more strongly focused on the physics associated with the dynamic-stall 
process itself. 
2.4.1. Ensemble-Averaged Instantaneous Surface Pressure Measurements 
Instantaneous pressure distributions were obtained during dynamic-stall conditions 
during a study of unsteady flow behavior on helicopter-type airfoilsF ~ This parametric test, 
which documented the behavior of a series of eight airfoils which ranged from helicopter to 
fixed-wing design, recorded both instantaneous pressure and skin friction data for a careful- 
ly scripted set of conditions. A range of Mach numbers from 0.07 to 0.30 were investigated, 
with the intent of documenting the dynamic-stall behavior of the various airfoils, including 
the effect of compressibility. As shown earlier (in Fig. 3), the local velocity on these airfoils 
reached sonic wdue for all M~o greater than 0.20. 
In order to fully appreciate the importance of this observation, and the impact that 
compressibility has on the stall process, it is appropriate oreview the incompressible stall 
behavior of airfoils in steady flow. In a benchmark study by Gault, ~33~ the steady stall 
behavior of various airfoils was cataloged as a function of leading-edge curvature, and 
chord Reynolds number. As seen in Fig. 16, three primary stall types, thin-airfoil, eading- 
edge, and trailing-edge, can occur; which one will dominate depends on leading-edge radius 
and chord Reynolds number. The NACA 0012 airfoil is an excellent example of this 
competition; the NACA 0012 ordinate of 1.89 at 0.0125 chord is marked on the graph. Note 
that at Re = 1 × 106, leading-edge stall as well as thin-airfoil stall is possible. However, as 
the Reynolds number increases, trailing edge stall becomes more dominant. 
This effect of increase in Reynolds number on stall behavior can be better understood 
through an analysis of boundary layer behavior. Laminar separation at very low Reynolds 
number esults in thin airfoil stall due to the fact that the very slow development of
transition and turbulent reattachment at this low Reynolds number esults in separated 
flow over most of the airfoil surface before the flow is able to reattach to the airfoil. As the 
Reynolds number increases, the length of this reattachment region dramatically decreases. 
At moderate Reynolds number, laminar separation is quickly followed by transition and 
turbulent reattachment, resulting in a short laminar bubble. The length of this bubble 
decreases with further increase in Reynolds number. Leading-edge stall occurs when the 
separated laminar shear layer is no longer able to reattach even after transitioning to 
turbulent flow. It should be noted that this leading-edge separation bubble (laminar 
separation followed by turbulent reattachment) can exist at the same time that trailing-edge 
separation is occurring--at least until the Reynolds number has increased to the point 
where transition occurs before laminar separation begins. Once transition occurs before 
laminar separation, turbulent flow occurs downstream ofthe suction peak, and trailing-edge 
stall dominates the steady airfoil behavior. Further increase in Reynolds number creates 
a more energetic turbulent boundary layer; therefore, if trailing-edge separation is estab- 
lished on an airfoil, increase in Reynolds number can only result in further delay of the 
trailing-edge s paration condition. Note that Gault ~33~ shows that above Re = 3 x 106, only 
trailing-edge separation occurs on airfoils having leading-edge curvature characteristics 
similar to the NACA 0012; this will be relevant to the following discussion. 
As part of the comprehensive dynamic stall study performed in Ref. (7), flow reversal 
sensors t34~ were :installed on the various airfoils being tested. The result of this investigation 
is shown in Fig. 17. In this figure, the angle of attack at which reversed flow appears on the 
surface of the airfoil (as determined by instantaneous-skin-friction gages) is plotted as 
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Fig. 16. Stall characteristics of various airfoils as function of Reynolds number and leading edge geometry at 
incompressible flow speeds. (33) 
a function of position along the airfoil surface, for the eight airfoils that were tested. The 
NACA 0012 will be discussed in detail to show the change in character of flow-reversal that 
occurs as Mach number increases (note only M = 0.076, 0.110 and 0.3 are shown in the 
figure; the remainder have been omitted to improve clarity of the figure). The first observed 
flow reversal for the NACA 0012 airfoil during dynamic pitch-up can be seen at 80% chord 
at ~t = 12 ° for Moo = 0.076 (Re = 1.02 × 106) for conditions where the airfoil was oscillated 
at • = 15 ° + 10 ° sinc0t, and k = 0.10. As can be seen in Fig. 17, flow reversal progresses 
toward the nose of the airfoil as the angle of attack increases (note that the dynamic stall 
vortex does not form at these conditions until the reversed flow region has reached the 
leading edge of the airfoil). The plots of flow reversal for M~ = 0.110 (Re = 1.49 x 106) 
show a progressively ater initial appearance of flow reversal when compared to the results 
for Moo = 0.076, a result that is consistent with the increasing robustness of the turbulent 
flow that occurs on the airfoil under these conditions (as discussed in the review of the Gault 
analysis hown above). Thus, at these low Mach numbers, the flow reversal patterns how 
trailing-edge stall to be developing on this airfoil, replicating the characteristics observed for 
steady flow. However, the flow reversal behavior for M~ = 0.22 (Re = 2.85 x 106), and 
particularly for Moo = 0.25 (Re = 3.19 x 106), 0.27 (Re = 3.45 × 106) and Moo = 0.30 
(Re = 3.97 x 106), is dramatically different. This is clearly inconsistent with the trend shown 
for the NACA 0012 airfoil at the lower Mach numbers: at the higher Mach numbers, flow 
reversal data show that leading-edge stall is occurring, contradicting the prediction of 
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Fig. 17. Flow reversal characteristics of eight airfoils experiencing dynamic stall at moderate free-stream Mach 
number (Re = 4.0 x 106 at Moo = 0.30). (34.) 
trailing-edge stall at high Reynolds numbers as was shown by Gault. Observe that this 
leading-edge stall occurs at a dramatically ower angle than that associated with trailing- 
edge stall as observed at lower Mach number. It is worth noting that this stall onset angle is 
also significantly lower than the turbulent leading-edge-stall-induced dynamic-stall angle 
that was observed in the incompressible flow studies outlined above. The information 
shown in Fig. 3 suggests an explanation for this abrupt change in stall behavior--local 
supersonic flow has occurred on the airfoil, forcing premature separation to occur at the 
leading edge of the airfoil, possibly due to the interaction of the local supersonic flow (and 
shocks, if present) with the boundary layer. Thus, compressibility effects are first seen as 
leading-edge stall on the airfoil, and result in formation of the dynamic stall vortex at much 
lower angles of attack than observed for incompressible trailing edge stall on this airfoil. 
Although a majority of the airfoils tested in the subject study (34) experienced trailing- 
edge-type dynamic stall at low Mach number, seven of the eight airfoils tested showed 
leading-edge stall behavior during dynamic stall at Moo = 0.30 (see Fig. 17); only an airfoil 
designed for fixed-wing supercritical flow showed trailing-edge stall throughout the Mach 
number range studied. Further analysis of this flow reversal and pressure distribution 
data(35) showed that there was clear evidence that a shock terminated the supersonic region, 
even at Moo = 0.3. In this study, analysis of the experimental data of McCroskey et al. ~7) 
showed that the maximum attainable Cp was proportional to pitch rate for Mach numbers 
less than 0.2, but was no longer dependent on reduced frequency at Moo = 0.30 (see Fig. 18). 
In fact, the maximum attainable Cp had begun dropping at Moo >/0.20, and showed 
a significant decrease at Moo = 0.30. Further study of instantaneous pressure distribution 
data showed that the maximum Cp observed uring the oscillation cycle increased with 
free-stream Macla number until sonic velocity was locally exceeded; at this point, maximum 
Cp decreased rapidly with increase of Moo. This result is reinforced by analysis of the results 
of other researchers; for example, as shown in Ref. (36) an airfoil (NACA 0012) which 
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Fig. 21. Extent  of  the • (40) supersonic  zone on  the upper  surface of  a VR-7 airfoil dur ing  dynamic  stall for condi t ions  
of Fig. 20. 
Cp's of order - 8 at M~ = 0.30 and Re = 3.0 x 10 6, and produced (3s) Cp's of order - 3.2 at 
Moo = 0.45 and Re = 0.8 x 106 (Fig. 19). 
Coulomb (39) described the presence of a supersonic region observed at the nose of a VR-7 
airfoil operating at high dynamic angle of attack at Moo = 0.3 during dynamic stall 
experiments. Coulomb (4°) further mapped the supersonic region on a VR-7 airfoil, and 
obtained Schlieren images of a shock on the upper surface of the airfoil at M~ = 0.36, as 
shown in Fig. 20. Detailed pressure distributions taken over the upper surface of the airfoil 
near the leading edge showed supersonic flow occurred on the airfoil upper surface from 
1 to 4% chord. 
Katary (41) quantified the pressure distribution on the VR-7 during compressible dynamic 
stall tests in the same facility as that used by Coulomb, (4°) and documented the presence of 
a region of supersonic flow near the leading edge for M~o = 0.3, as shown in Fig. 21. Katary 
also noted that 'the VR-7 airfoil changed from trailing-edge separation at M® = 0.185 to 
leading-edge separation at Moo = 0.295, again showing the effect of compressibility on the 
dynamic stall process. It may be noted that this change occurred without significant change 
in the unsteady aifloads, supporting the idea that the vortex shedding phenomenon i  deep 
dynamic stall is relatively insensitive to the type of boundary-layer separation (an idea also 
proposed by McCroskey et al.(7)). Katary deduced from analysis of instantaneous pressure 
distributions that there was a shock at the end of the supersonic region for conditions of 
deep stall at Moo = 0.30. Note that this test was performed at Mach numbers equivalent to 
the McCroskey et al. test, where no shocks appeared in any of the shadowgraph studies 
performed uring test; the observance ofshocks in the Katary/Coulomb tests but not in the 
McCroskey et ai'. test may be due to the difference in angle of attack history that was used 
for the two tests; in any case, it illustrates the difficulty in quantifying the complex 
interactions that occur when compressibility effects are combined with strong unsteady flow 
effects. 
2.4.2. Quantitative Mapping of the Compressible Dynamic Stall Flow Field 
The efforts reviewed above demonstrate both the complexity of the problem and the 
difficulties associated with investigation of dynamic stall at compressible flow conditions. 
An attempt o map the compressible dynamic stall flow field was performed by Lee 
et al., (42) who demonstrated the use of holographic interferometry to visualize the flow over 
an airfoil experiencing dynamic stall in Moo = 0.30-0.60 flow. Interferograms were present- 
ed which show the presence of the dynamic stall vortex, and a direct comparison was made 
between boundary layer profiles measured using laser velocimetry, and those deduced from 











Fig. 22. Schematic of compressible dynamic stall facility test section. ~43) 
interferometry, including the large density change that occurs in the boundary layer. However, 
the results near the leading edge were severely limited due to a large-bearing support bracket 
which obstructed the view of the flow from approximately 3-50°,/0 of the airfoil surface. 
Therefore, the present authors developed a dynamic stall facility to capture of the fluid 
physics of dynamic stall both on and away from the surface of the airfoil, so that more could 
be learned about this very complex problem. In this facility, the airfoil was mounted 
between two circular glass windows; the window-airfoil-window assembly could then be 
rotated in oscillatory motion, and the flow over the airfoil could be studied without any 
obstruction of view; Fig. 22 t43) shows the wind tunnel test section. Stroboscopic Schlieren 
photographs were then obtained for a wide range of pitch-rate and Mach number; t44) 
a typical set of images is presented in Fig. 23, which shows the development ofdynamic stall 
at k = 0.1, and ct = 10 ° + 10°sincot, and the resultant dynamic stall vortex for M~ = 0.3, 
compared to those obtained at Mo~ = 0.45. Figure 24 t44) shows Schlieren images obtained 
as the dynamic stall vortex passed 50% chord for a range of Mach numbers; note the drop 
in angle of attack at which the dynamic stall vortex passes the 50% chord point. This 
progressively earlier passage as Mach number increases can be seen graphically in 
Fig. 25; t44) compressibility has forced premature separation to occur on the airfoil at 
progressively ower angles of attack as soon as the Mach number increases past 0.30. 
The development ofdynamic stall on an airfoil experiencing ramp-type motion typical of 
fixed-wing aircraft is shown in Fig. 26. t4s) In this series of stroboscopic Schlieren images, the 
inception, growth, and movement of the dynamic stall vortex can easily be seen. It is of 
particular interest o note the flow as shown in Fig. 27, t45) where the first visual evidence of 
the presence of shocks on this dynamically stalling airfoil was observed. 
The research effort using Schlieren imaging demonstrated the strong compressible 
character of the flow away from the surface of the airfoil, but only provided qualitative 
documentation of the unsteady flow field. In order to more fully analyze the rapidly 
developing flow field, interferograms of the instantaneous flow field were needed. However, 
holographic interferometry images could only be studied after significant post-processing, 
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Fig. 23. Schlieren images howing the effect of Mach number on dynamic stall of an oscillating airfoil for k = 0.05, 
a = 10” + 10”sinwt:‘44’ (a) M, = 0.30; (b) M, = 0.45. 
while analysis of the dynamic stall flow field required more rapid access to images of the 
flow field. Therefore, a new type of interferometry was developed, based on point diffraction 
interferometry (IPDI). (467 47) This real-time interferometry technique offered quantitative 
documentation of the full instantaneous flow field with no post-processing required to 
obtain the interferogram. For the first time, flow at the surface, and flow away from the 
surface could be simultaneously and quantitatively analyzed in real time. This new tech- 
nique allowed m,apping of the instantaneous pressure field throughout the region surround- 
ing the airfoil, and led to new insight into the dynamic stall process in compressible flow. 
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Fig. 24. Effect of Mach number on dynamic-stall-onset angle as observed in Schlieren images obtained as dynamic 
stall vortex passes 50% chord location. (44) 
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Fig. 25. Quantitative ffect of Mach number on dynamic stall process, k = 0.05, ct = 10 ° + 10°sincot. (44) 
The sequence of images hown in Fig. 28 dramatically shows the impact of compressibil- 
ity on the dynamic stall process. The progressive impact of compressibility is clearly shown 
in the images at ct = 12 °, for example; at Moo = 0.28, the flow is clearly attached; at 
Moo = 0.38 the dynamic stall vortex has already formed; at Moo = 0.47, the dynamic stall 
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c~ = 11.0 ° 12.0  ~ 12 .5  ° 12.7  ° 
(x : 13 .0  ° 13 .5  0 14 .5  ° 15 .5  ° 
= 16 .5  ° 18 .0  ° 19 .0  ° 20 .0  ~ 
(~ = 30.0  ° 40 .0  ° 50 .0  o 58 .0  ° 
Fig. 26. Stroboscopic Schlieren photographs of compressibility effects on dynamically stalling airfoil undergoing 
ramp-type motion, Mo~ = 0.45, ct + = 0.03. (45) 
vortex has already moved out of the field of view, demonstrating the progressively earlier 
stall onset that occurs as the free-stream Mach number is increased. 
The PDI technique has also permitted etailed analysis of the instantaneous flow in the 
supersonic region near the leading edge of oscillating airfoils. Figure 29 shows details of the 
shock waves that develop over the NACA 0012 airfoil during dynamic stall at M~ = 0.45. 
Figure 30 is a quantified pressure map of the point diffraction interferogram, and shows the 
corresponding lines of constant Cp; note the C* = -2.76 line in this image--this 
Cp contour bounds the supersonic flow region at this test condition. The point diffraction 
interferogram i ages also allow quantification of the instantaneous surface pressures that 
occur during the,, dynamic stall process. Figure 31 shows instantaneous pressure distribu- 
tions obtained from point diffraction interferogram images at various angles of attack 
during a ramp motion at M~o = 0.3. The laminar separation bubble that occurs for angles 
above 6 ° at this combination of Reynolds number and Mach number can be clearly 
discerned; note that each symbol on these curves corresponds to an individual intersection 
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Fig. 27. Schlieren photograph of multiple shocks on a rapidly pitching airfoil, M~ = 0.45, ct += 0.0313, 
ct = 12.6°. t46) 
of a line of constant pressure (a fringe) with the airfoil surface, demonstrating the very high 
spatial resolution of pressure that can be documented for these conditions. 
2.5. INTERACTION OF COMPRESSIBILITY AND TRANSITION 
2.5.1. Interaction at Model Reynolds Numbers 
The complexity, cost, and inherent danger of structural damage associated with full-scale 
testing of unproven helicopter-rotor-blade designs in the dynamic stall environment has 
forced the helicopter industry to perform most dynamic stall research on model rotors. The 
development of high lift on an airfoil results in very strong gradients near the nose of the 
airfoil, a region where the Reynolds number is relatively low, especially when study is being 
performed on scale models. These low Reynolds numbers mean that laminar and 
transitional flow will play important roles in the developing dynamic stall process. Since 
compressibility has already been shown to be a major factor in the flow development ear 
the nose of the airfoil, it is clear that detailed, physically sound understanding of the 
interaction between transition and compressibility is needed. Therefore, recent work by the 
present authors has focused on the character of dynamic stall on airfoils oscillating in pitch 
at moderate Mach and Reynolds numbers. This combination is typical of model rotor 
testing for helicopter application, and offers insight into the interaction between compress- 
ibility and viscosity during flow separation on airfoils during unsteady motion. As noted in 
the earlier discussion of research by the present authors, dynamic stall on the airfoil model 
in the range of Mach and Reynolds numbers associated with one-seventh-scale airfoils was 
dominated by a laminar separation bubble. If such model-scale experiments are to be 
quantitatively applicable to full-scale design, the flow must be tripped so that turbulent flow 
can be induced on the airfoil. 
The way that transition is induced plays an important role in this flow development. 
Therefore, the present authors evaluated various transition-inducing materials as part of an 
investigation i to the physics of inducing turbulent boundary layer development in the 
moderate Reynolds number, lift-induced compressible-flow-field associated with dynamic 
stall on model-scale airfoils. Figure 32(a) ~48) shows an example of the laminar separation 

























































































































552 L .W.  Carr and M. S. Chandrasekhara 






-0.05 0.00 0.05 (}.10 0.15 0.20 0.25 0.30 
x/c 
Fig. 30. Global pressure field on untripped airfoil as determined from interferogram of Fig. 29. (as) 
for all Mach number and reduced frequency conditions tested. Dynamic stall was observed 
to occur as this bubble broke down; an example of the dynamic stall vortex that resulted can 
be seen in Fig. 32(b). Since the presence of the laminar separation bubble was due to the 
transitional Reynolds number of the flow near the nose of the airfoil, the flow over the 
leading edge of the airfoil was tripped using distributed surface roughness. Figure 32(c) 
shows the flowfield on the tripped airfoil for the same conditions as seen in Fig. 32(a); 
Fig. 32(d) shows the tripped flow results for the same conditions as observed in the 
untripped case of Fig. 32(b). Selection of the appropriate trip caused adelay of dynamic stall 
onset to higher angles of attack when compared to the untripped airfoil. Analysis of the 
results also showed higher suction pressure coefficient development over the leading edge 
(Fig. 33) (49) and also noticeably higher values of the adverse pressure gradient before the 
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Fig. 31. Instantaneoas pressure distribution over a transiently pitching airfoil at M = 0.3 and ~+ = 0.35: t3s) 
(a) ~ = 5-10°; (b) ct = 11-16.5 °.
flow separated and the dynamic stall process began (Fig. 34)J 49) However, incorrect choice 
of transition-inducing trip led to significant degradation of airfoil dynamic stall perfor- 
mance, demonstrating the criticality of the choice of the trip, as can be seen in Fig. 35. ~48) 
2.5.2. Interaction At Flight-Scale Reynolds Numbers 
A related series of experiments directed at documentation of dynamic stall at flight 
Reynolds numbers and Mach numbers was performed by Lorber and Carta. c5°-52) These 
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(a) Unt r ipped ,  (~ = 10 .0  ° (b) Untr ipped,  c¢ = 13 .990  
(c) T r ipped ,  e¢ = 10 .0  ° (d) T r ipped,  o~ = 13 .99  ° 
Fig. 32. Comparison of PDI  images of untripped and tripped flow fields for ~ = l0 ° + 10°sintot; ~49~ Mo~ = 0.30, 
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Fig. 33. Effect of tripping on airfoil peak suction during dynamic stall, t49~ M~ = 0.45, k = 0.05. 
studies have included fully 2D, swept 2D, and both swept and unswept 3D dynamic stall 
experiments. All these experiments were performed on airfoils operating at flight Mach 
number and Reynolds number, and offer insight into the character of the flow at flight 
conditions, as well as giving information about he conditions that must be represented by
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Fig. 34. Effect of trip on leading-edge adverse-pressure-gradient development on airfoil experiencing dynamic stall 
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Fig. 35. Effect of trip on min imum pressure as a function of angle of attack for NACA 0012 airfoil oscillating in 
pitch.(48) 
model scale experiments. Detailed discussion of this wide range of experiments i  beyond 
the scope of this review; however, a recent study documenting the behavior of a NACA 0015 
airfoil, as well as a SSC-009, epitomizes the character of these experiments. An excellent 
example of the complex interaction of transition, pressure gradient, Mach number, and 
compressibility effects that occur during dynamic stall (which is directly relevant o the 
subject at hand) can be found in Lorber and Carta, (53) and an expanded iscussion of this 
study will be presented. In Fig. 36, the skin friction and pressure distributions observed on 
a rapidly pitching swept wing with a SSC-1095 cross-section are presented. In Fig. 36(a) the 
results for Moo ---- 0.2 are presented for this 70 cm-chord wing at Re = 2.0 x 106, for a dy- 
namic ramp-up of angle of attack at ~+ = 0.005. The hot-film output shows the transition 
from laminar to turbulent flow first occurs at x/c = 0.30 for ~ = 0 °, where the output signal 
abruptly rises, reflecting the increase in heat transfer associated with the increased skin 
friction that occurs in turbulent flow. Note that the transition point (as denoted by the 
sudden rise in heat transfer) progressively moves forward toward the leading edge of the 
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Fig. 36 (a)-(c). 
airfoil as the angle of attack increases, occurring at x/c = 0.026 at c( = 10 °. It should be 
noted that the dynamic stall vortex appears significantly later in the pitch process, at 
= 20 °, and appears as a sudden drop in the heat transfer, first at the leading edge, and 
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Fig. 36. (a)-(f) Pres~;ure and hot-film time histories and chordwise pressure gradients at z/c = 0.7 on a three- 
dimensional wing, for various free-stream Mach numbers. (53> 
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The results for M~ = 0.3, seen in Fig. 36(b), show that compressibility is already affecting 
the heat transfer measured by the skin friction gauges based on the analogy between skin 
friction and heat transfer used to determine skin friction. The results at ~ = 0 ° show that 
transition has moved forward of x/c = 0.302; however, the flow at x/c = 0.192 is still 
laminar at ~ = 0 °. Note that the results for x/c = 0.19 are very similar to those for 
M~ = 0.2, but the corresponding curves at x/c = 0.026 are significantly different. They 
attribute this change to the influence of compressibility on the boundary layer near the 
leading edge of the airfoil, thus emphasizing the impact of compressibility at this relatively 
low free-stream Mach number. This effect is even more dramatic at Moo = 0.4, as seen in 
Fig. 36(c). Again the curves for x/c = 0.192 and 0.103 are essentially unchanged. However, 
the curve for x/c = 0.060 shows that the heat transfer drops just before transition occurs, 
and the curve for x/c = 0.026 shows a dramatic drop. As they noted, the local flow is 
subsonic (as seen in the pressure distribution labeled "1" in Fig. 36(d), obtained at the 
instant he transition point is noted at x/c = 0.026. A very short time later, the flow at the 
leading edge exceeds onic velocity. This supersonic region expands past x/c = 0.060, with 
a maximum M~oc = 1.27, and is almost immediately followed by separation (initiated in the 
region x/c = 0.02-0.10), and the generation of the dynamic stall vortex. 
The pressure distribution "2" in Fig. 36(d) shows the flow to be fully subsonic at c~ = 7.1 °, 
for M~ = 0.50, and the hot-film output at x/c = 0.103 [(Fig. 36(e)] is quite similar to the 
corresponding curve for M~ = 0.40, as seen in Fig. 36(c). However, the flow ahead of 
x/c = 0.06 is already supersonic by the time the angle of attack reaches 8.8 °, as seen in "3" of 
Fig. 36(d), and the hot-film gage for x/c = 0.06 shows the effect of this supersonic flow 
[(Fig. 36(e)]. They note that a shock has appeared between x/c = 0.026 and x/c = 0.06, as 
shown by the drop in heat transfer at x/c = 0.026 and the rise in heat transfer at 0.06, and 
comments that maximum M~oc has reached 1.4. It is interesting to observe that although the 
local flow has experienced dramatic hanges, the flow does not begin to separate until the 
airfoil has reached an angle of attack of 13.6 ° , at which point the boundary layer starts to 
separate at the shock, as determined by the drop in suction peak observed in pressure 
distribution "4" in Fig. 36(d). 
Figure 36(f) shows the behavior of the flow at Mo~ = 0.6. Here, the effect of compressibil- 
ity is observed throughout he stall process. Lorber and Carta noted the maximum 
M~o~ = 1.45 for this case M~ = 0.6, which is not much different from the maximum M~o~ at 
Moo = 0.5, but now the supersonic region extends all the way to x/c = 0.19. They found the 
stall process to be significantly different at this Mach number, with a more gradual oss of 
leading edge suction, and a delay in the massive separation that is associated with dynamic 
stall. The effect of Mach number on the developing dynamic stall vortex is probably best 
seen by comparing Fig. 36(f) with 36(a). Note that the hot-film results at M~ = 0.20 show 
a very strong imprint of the dynamic stall vortex; as it moves down the airfoil, there is an 
abrupt and dramatic rise in the hot-film gage output. Compare these results to the character 
of the hot-film results obtained at M~ = 0.60; here there is only a very gradual drop in the 
hot-film output, and there is no clear demarcation of the presence of a dynamic stall vortex 
at all. This short summary of the comprehensive s t of results presented by Lorber and 
Carta shows the complexity of the problem of developing a clear and precise definition of 
the dynamic stall onset, since it is essentially a different process at each Mach number 
considered. 
3. MODEL ING OF COMPRESSIBIL ITY EFFECTS 
As can be seen from the above discussion, there have been a wide range of experiments 
which have addressed the issue of compressibility effects on dynamic stall. It is clear that 
dynamic stall in compressible flow is a very complex phenomenon, and that there are 
significant gaps in our understanding of the underlying physics. Therefore, aerodynamicists 
attempting to design helicopters or fighter aircraft have been forced to approximate 
the effects of compressibility in order to develop the dynamic load predictions needed for 
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Fig. 37. Increase in dynamic-stall-onset angle as a function of Mach number for various airfoils. ~ss) 
design of helicopter otor control systems or estimation of fighter aircraft performance 
envelopes. 
In an attempt to make rotor airfoils less susceptible to high-lift-induced compressibility 
effects, helicopter aerodynamicists have been forced to adapt fixed-wing design techniques 
to design rotor airfoils capable of operating effectively at high angles of attack in compress- 
ible flow. The conflicting requirements inherent in helicopter-rotor-blade design require 
airfoils capable ,3f producing high lift without shock-induced separation at high angle of 
attack while maintaining high drag divergence Mach number at low angle of attack. 
Research in this area has established rotor-airfoil design criteria which measurably enhance 
the performance of airfoils in these competing environments. The use of fixed-wing tech- 
niques for develIopment of airfoils which also perform well in dynamic stall has been 
demonstrated by Dadone354) Another example, by Wilby, ~55) shows the increase in dy- 
namic-stall-onset angle that can be obtained (Fig. 37). This design philosophy, based on 
isentropic recompression f the supersonic flow that appears at high angle of attack, was 
adopted from the fixed-wing community 56) and results in very good high angle of attack 
performance for a wide Mach number ange. 
The result of another example of design optimization applied to the helicopter airfoil 
design task can be seen in Fig. 38. ~57) The resultant AMES-01 airfoil was designed using 
a numerical optimization approach; this multi-point optimization combined high lift at 
moderate subsonic Mach numbers with restraints placed on shock-induced drag divergence 
at transonic Mach numbers. This airfoil maintained constant C~°a x for M~ = 0.2-0.4 
(a significant improvement over the NACA 0012, for example), while performing well at low 
angle of attack at Moo = 0.82 (the 'advancing' blade condition). This is an interesting 
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Fig. 39. Effec:t of airfoil profile on maximum velocity on leading edge of airfoil in steady flow? TM 
example of the application of airfoil optimization where the design targets are very widely 
different, and shows the complex compromises that are required in developing such airfoils. 
An additional example of airfoil optimization for helicopter application can be found in 
the work of Wortmann, (58) who approached the helicopter high-lift-induced compressible- 
flow problem in a somewhat different way. The FX-098 is based on reducing the suction 
peak normally found at the leading edge of the airfoil (as seen in Fig. 39), so that the flow is 
less likely to separate when exposed to the strong adverse pressure gradient experienced 
downstream of the leading edge. This is combined with a wave-cancellation technique 
which reduces the strength of the shock terminating the supersonic region of flow on the 
upper surface of the airfoil at moderate flee-stream Mach numbers. 
In an attempt: to reduce the amount of wind tunnel testing needed to determine the 
dynamic stall behavior of airfoils such as those described above, empirical as well as 
semi-empirical dynamic stall models have been developed. Empirical models (59' 60) directly 
represented the ,data obtained in the wind tunnel tests. An example of the semi-empirical 
approach can be found in the work of Leishman and Beddoes, (61) who have developed 
techniques to identify and represent leading edge, trailing edge, and shock-induced separ- 
ation on dynamically pitching airfoils. These scientists note that at low Mach number, 
a combination of local velocity and velocity-gradient effects define onset of leading-edge 
separation, but at higher Mach number, ashock appears. This shock strengthens and moves 
toward the rear of the airfoil at these higher Mach numbers as the angle of attack increases, 
leading to shock-induced separation. They indicate that the pressure rise at the shock is the 
most important parameter, and have correlated this critical shock-pressure ise in the 
dynamic regime to onset of dynamic stall. This correlation has permitted accurate recon- 
struction of dynamic lift conditions, as seen in Fig. 40. 
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Fig. 40. Comparison of model and experiment showing effect of increase in Mach number on aerodynamic loads 
during dynamic stall: (61) _ _  experiment; model. 
4. CALCULATION OF COMPRESSIBILITY EFFECTS ON DYNAMIC STALL 
The techniques discussed so far have primarily focused on the extension of steady- 
compressible-flow airfoil-design techniques to the unsteady-compressible-flow application. 
However, it is clear that better understanding of the complex aerodynamic phenomena 
associated with dynamic stall in compressible flow fields is needed before accurate nonem- 
pirical modeling of the stall process can be made. 
Although there has been significant research effort focused on calculation of dynamic 
stall using Navier-Stokes-equation representation f the unsteady flow field, relatively few 
calculations have focused specifically on the effect of compressibility on the dynamic stall 
process. One of the earliest attempts to determine the influence of compressibility hrough 
calculations based on the Navier-Stokes equations can be seen in Fig. 41 from the work of 
Sankar and Tassa, (62) who used solution of these equations to investigate dynamic stall at 
two different Mach numbers (note that these calculations were limited to Re = 5000). In this 
study, the NACA 0012 airfoil was modeled, and calculations at Moo = 0.2 and 0.4 were 
performed. It is interesting to note that this study found a delay in dynamic-stall-vortex 
formation as Mach number increased (a trend which has not been supported experi- 
mentally); this apparent contradiction will be discussed in detail below. 
Some insight into the effect of compressibility was revealed by Visbal, (63) when unsteady 
turbulent Navier-Stokes-equation calculations of flow over an airfoil performing a ramp- 
up motion showed a region of supersonic flow near the nose of the NACA 0015 airfoil. 
Results at Moo = 0.4, ~+ = 0.045, Re = 1 x 106 are presented in Fig. 42 which shows the 
growth of the supersonic region near the leading edge of the airfoil to be terminated by 
a normal shock at the downstream end of the region. Visbal comments on shock-boundary- 
layer interaction as being a mechanism for dynamic stall delay. It is worth noting that this 
region of supersonic flow was determined using fully turbulent flow in the calculation; the 
interaction of this supersonic flow region with the laminar separation bubble that has been 
observed experimentally at this Mach and Reynolds number (44) shows the complexity of 
this difficult problem. 
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Fig. 41. Lift and pitching moment characteristics calculated using Navier-Stokes quations, (6z) Re = 5000. 
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Fig. 42. Development of supersonic region on leading edge of airfoil during dynamic stall as calculated using 
Navier-Stokes quations, (63) M+ = 0.4, :~+ = 0.045, Re = 1 x 106. 
The impact of compressibility on maximum lift coefficient was also determined by 
Visbal, (6+) as illustrated in Fig. 43, where C~ vs ~ is presented for a range of free-stream Mach 
numbers, showing the progressive decrease in stall angle associated with increase in Mach 
number. The effect of compressibility has also been addressed by Ekaterinaris, <65) who also 
used Navier-Stokes equation modeling of the dynamic stall process to explore Mach 
number effects. F'igure 44 shows a comparison between calculation and experiment which 
shows the decrease in dynamic-stall angle that occurs as free-stream Mach number is 
increased. The presence of a supersonic region on the surface of airfoils experiencing even 
moderate free-stream Mach numbers has been calculated by Geissler and Raffel. c66) In 
Fig. 45, instantaneous Mach number contours have been mapped for the NACA 0012 
airfoil at 18.09 and 23.09 °, during oscillation at • = 15°+ 10°sinogt, k =0.15, and 
Moo = 0.28. Note the supersonic bubble near the leading edge at 18.09 °. 
These computations help reveal critical characteristics of the compressible dynamic stall 
process, but they are limited in quantitative representation f the events by the turbulence 
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Fig. 44. Comparison of calculated and experimentally determined instantaneous lift coefficient at two different 
Mach numbers. (6s) 
model used in the analysis, and by the assumption that the flow was completely turbulent at 
all points on the airfoil surface. For example, Fig. 46 from a recent study by Srinivasan 
et al. (6v) shows the strong dependence onturbulence model that is present in computations 
of dynamic stall through use of the Reynolds-averaged Navier-Stokes quation. In another 
recent publication, Ekaterinaris et al. t6s) show the influence of transition on the develop- 
ment of dynamic stall, as can be seen in Fig. 47. They concluded that transition can play 
a primary role in the development of the dynamic stall process, again emphasizing the need 
for accurate, physically realistic transition modeling in computation ofdynamic stall. 
Dynamic-stall-like flow has also been calculated for airfoils operating in steady flow. In 
an interesting effort focusing on the dynamic flow field that can develop on stationary 
airfoils, Barton and Pulliam (69) computed the flow over an NACA 0012 airfoil operating at 
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flow develops a cyclic behavior, with attached flow leading to shock-induced separation, 
followed by gross separation, and then reattachment. The lift cycles associated with this 
flow behavior can be seen in Fig. 48 and demonstrate that compressibility can cause 
dynamic flow conditions even on airfoils operating in steady flow. 
In a recent effort directed toward determination of Reynolds number effects independent 
from Mach number effects, Choudhuri and Knight (7°> performed laminar calculations of 
dynamic stall using the Navier-Stokes equations on a highly resolved grid (Fig. 49). They 
found that increase in Mach number at constant Reynolds number delayed formation of the 
recirculation region near the leading edge and resulted in a decrease in maximum suction at 
the nose, leadin~ to a decrease in adverse pressure gradient on the upper surface of the 
airfoil, thereby delaying dynamic stall onset. On the other hand, increase in Reynolds 
number at constant Mach number caused earlier recirculation, and smaller scale structure, 
as well as earlier stall inception. These results show the same trend with Mach number that 
was observed by Sankar and Tassa. (62) This trend with Mach number is opposite to that 
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Fig. 46. Effect of turbulence of model on dynamic lift and pitching moment behavior as calculated using 
Navier-Stokes equations. (67) 
found by experiment; i  should be noted, however, that the experimental studies have been 
performed inwind tunnels vented to the atmosphere. In this type of wind tunnel, Reynolds 
number increase is directly keyed to Mach number increase. Therefore, interpretation f
comparisons between calculation and experiment must be done with caution. In particular, 
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Fig. 47. Effect of transition model on dynamic lift and pitching moment as calculated using Navier-Stokes 
equations. (68) 
the strong impact of transition must be included before any quantitative comparison to 
moderate Reynolds number, compressible flow experiment can be made. 
5. DISCUSSION AND ANALYSIS 
The various studies discussed in this paper all show that local supersonic flow can occur 
on airfoils at relatively low free-stream Mach number conditions. However, no clear 
conclusion can 19e made concerning the impact of this supersonic flow. For instance, 
although McCroskey et al. (7) showed that supersonic flow existed on seven of the 
eight airfoils tested in their experiment, no shocks were visible in any shadowgraph 
measurements made during that test. On the other hand, Coulomb (39'4°) presented 
Schlieren images of the VR-7 airfoil which clearly showed the presence of a shock for an 
airfoil which did not show a shock in the McCroskey et al. (7) test at nominally the same test 
conditions. Chandrasekhara et al. (38) present images that clearly shows the presence of 
multiple shocks in interferograms taken at conditions typical of model helicopter flight. 
Lorber and Carts (52) showed a shock to be present during tests of helicopter rotor blades at 
high angle of attack. 
The presence of supersonic flow, and even the presence of a shock, does not necessarily 
imply that separation must occur. For example, Pearcey (56) has shown that recompression 
of supersonic flow regions on airfoils does not necessarily mean boundary layer separation; 
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Fig. 48. Lift coefficient as a function of time, as calculated using Navier-Stokes equations for airfoil at steady 
angle of attack, (69) Moo = 0.40, c~ = 15 °. 
at least, not until the shock pressure ratio exceeds 1.4. However, it is clear from experiments 
that there is a limit to the magnitude ofthe suction peak that can be reached uring high lift 
in compressible flow, and this limit is due to local supersonic velocity on the surface of the 
airfoil. It is also clear that under many circumstances, compressibility effects can completely 
change the flow behavior compared to that observed at low Mach number. 
It is clear that shocks can be present on airfoils experiencing high lift conditions. 
However, the change in flow reversal pattern shown in Fig. 17 (3` *) occurred as soon as the 
local flow reached sonic velocity, thus suggesting that local sonic conditions can result in 
changes in the leading-edge flow field which force leading edge separation to occur without 
the presence of strong shocks. This is particularly important, since calculations of Mach 
number effects at low Reynolds numbers uggest that compressibility effects alleviate the 
local pressure gradients and, by inference, the initiation of dynamic stall. As noted above, 
this effect has not been observed in the experiments performed to date. In the opinion of the 
present authors, this behavior is due to the interaction of the compressible flow with the 
transitional flow that develops on these airfoils near the leading edge under these condi- 
tions. It is clear that more quantitative information about he flow in this region is needed. 
Variation of Mach number independently of Reynolds number has only been performed 
in calculations at the present time. Experimental verification of Mach number variation at 
constant Reynolds number equires the use of facilities which permit wide variation of 
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Fig. 49. Instantaneous streamlines for an airfoil experiencing dynamic stall as computed by grid-resolved 
Navier-Stokes calculationP at M, = 0.40, LX = 15”. 
density at constant Mach number; no tests of this type have been done, and none are 
presently planned. However, the importance of this behavior points to the need for such 
a test. In the meantime, some information can be obtained by comparison of exist- 
ing experiments, even though these experiments have been performed in different wind 
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tunnels. For example, comparison (not shown) of Re = 4.0 x 106, M~ = 0.3, ~7) with 
Re = 0.54 x 106, M~ = 0.3 (49~ data shows the changes that can occur due to Reynolds 
number effects at constant Mach number. Both these conditions how leading edge stall 
characteristics; however, the angle of attack for dynamic stall is different in these two 
conditions. One difficulty in comparison of these two results is the fact that the 
Re = 4.0 x 106 experiment does not have information about the presence or absence of 
a laminar separation bubble. However, the leading-edge-separation character of the 
4.0 × 106 data suggests that flow near the leading edge is defining the separation character of 
this airfoil. This points to a critical need for calculations (e.g. Navier-Stokes calculations) of 
the character of the flow at the leading edge to emphasize accurate modeling of the laminar 
separation, transition, and turbulent reattachment that is occurring. This is a very formi- 
dable task; in fact, it can be argued that fully turbulent calculations have performed 
reasonably well in defining the dynamic stall behavior in many existing results. However, 
virtually all of these cases are for deep dynamic stall which is relatively insensitive to the 
type of separation that occurs. The situation is very different if light dynamic stall is 
analyzed; in this case, the presence or absence of stall is very much dependent on the 
conditions at the nose of the airfoil. Under these conditions, relatively subtle changes in the 
flow physics of the laminar/transition/turbulent/compressible flow interactions can have 
dramatic impact on the dynamic stall behavior of the airfoil, thus making accurate 
prediction of this type of behavior a critically important ask. 
There is now sufficient information about Mach number effects on dynamic stall to 
conclude that compressibility effects dominate the flow development to the point that 
low-speed wind-tunnel or water-tunnel studies can no longer be considered as a definitive 
basis for prediction of high speed behavior--especially for trailing-edge dominated low- 
speed flow behavior. The role of transition is not as clear. High speed dynamic stall 
experiments such as Lorber's how that for Reynolds numbers greater than 2 x 106, the flow 
experiences transition before laminar separation, thus causing turbulent flow to occur 
without the formation of a laminar separation bubble. At the same time, high speed, 
moderate Reynolds number studies ~49) show that for Reynolds numbers less than 1 x 106, 
a laminar separation bubble dominates the developing dynamic stall flow field. Thus, there 
seems to be a dichotomy--model-scale dynamic studies, even at full-scale Mach number, 
will experience laminar bubble stall, while studies performed at full-scale Reynolds numbers 
will not. At the same time, model rotor data obtained at full-scale Mach number, but 1/7 
scale Reynolds number, agree more closely with high Reynolds number, ~1~ high Mach 
number nonrotating data, t51) than model-scale data, suggesting that this form of nonrotat- 
ing experiment will reproduce model rotor tests, albeit at a different Reynolds number. 
In the opinion of the present authors, model scale tests (either 2D dynamic stall tests, or 
model rotor tests) will remain the primary course of action for study of dynamic stall, and 
flow control, not only because flight scale tests are prohibitively expensive for evaluation of 
unproven designs, but also because very few of the facilities that are available to the research 
community are capable of such dynamic test conditions. Therefore, there is a critical need 
for physical understanding of the similarities and disparities between dynamic stall tests at 
combined flight-scale Mach and Reynolds number, and tests which can attain only one of 
these flight-scale parameters. For example, it is clear that further effort is necessary to 
establish the boundary-layer-trip geometry needed to fully reproduce the behavior observed 
at combined high Mach number, high Reynolds number conditions. It will probably be 
necessary to bridge the gap in Reynolds number from model to full scale through the use of 
computational fluid dynamic modeling. However, more emphasis must be placed on 
detailed measurement and reproduction oftransition and turbulence parameters in compu- 
tations if quantitative results are expected. 
In the helicopter field, model rotors are often 'Mach scaled', where flight Mach numbers 
are reproduced on small scale rotors by a corresponding increase in rotation rate. Thus, the 
tip Mach numbers are reproduced, even though the Reynolds number is significantly lower. 
This approach as been effective in reproducing much of the high Mach number behavior 
observed on the advancing blade, but is not as effective in reproducing the limits of high 
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angle of attack and dynamic stall that appears on the retreating blade. As noted above, 
a very limited number of flight Math number, flight Reynolds number tests have been 
performed; however, the severe cost of such tests limits the results to a very small number of 
airfoils. Indeed, only the SSC-A09 airfoil has been fully documented todate for the Mach 
number ange 0.24).6 during dynamic stall. Without such skin-friction and transition 
information from model rotor tests, reproduction of results will remain limited to aerody- 
namic loads, and will not address the details of the developing flow. 
6. CONCLUSIONS AND RECOMMENDATIONS 
This review of research on the effect of compressibility on dynamic stall shows that 
compressibility effects can have a major impact on dynamic stall events, and can even 
completely change the physics of the stall process that occurs at low Mach number. This is 
of critical importance, since it makes all low speed dynamic-stall testing of systems 
proposed for high-speed applications suspect, especially tests where control of the stall 
process is attempted. Therefore, the engineer who attempts to control or modify the stall 
behavior of airfoils should be aware of the progressively increasing severity with which 
compressibility :modifies the flow physics of dynamic stall. However, clear understanding of 
the effect hat compressibility has on the dynamic stall process can offer new opportunities 
for exploiting the vorticity-driven flow, and may lead to highly effective high-speed control 
strategies which are based on physics first explored at low speed. 
Some clear conclusions can be noted: 
1. Compressibility effects have been observed in most if not all experiments performed at 
free stream Mach numbers at or greater than 0.2; local supersonic flow has been observed 
for Moo = 0.20. 
2. Compressibility can fundamentally change the physical mechanisms which cause 
dynamic stall to occur. 
3. Compressibility effects dramatically decrease the dynamic lift overshoot that is ob- 
served uring dynamic stall at incompressible f ow speeds. 
4. Compressibility effects have been observed over a wide range of Reynolds 
numbers. 
5. The impact of compressibility must be considered whenever flow control techniques 
which have been developed in a laboratory are considered for flight application. 
6. Compressibility effects do not negate all incompressible flow studies; rather, such 
studies must be evaluated based on the changes in physics of the stall process that are 
observed. 
7. Quantitative modeling of dynamic stall will require accurate representation f com- 
pressibility and its effect on transition, and the resultant turbulent flow. 
This review has demonstrated the range of what has been a long series of studies of 
compressibility effects on dynamic stall. Based on the present technological environment, 
there will probably not be such comprehensive research efforts in the future--the focus will 
change to control, alleviation, or avoidance of dynamic stall. It is hoped that this review has 
furnished sufficient information such that research in this area in the future can be based on 
definitive knowledge of the problem, its parameters, and its prospects. 
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